Abstract. The characteristics of the nuclear photo-absorption spectroscopy using the laser Compton scattering (LCS) photons and the high-resolution high-energy photon spectrometer (HHS) are presented in this paper. The maximum energy of a LCS photon was increased up to 30 MeV, and the response functions of the HHS were improved. By taking advantage of these achievements, the 16 O(γ,abs) cross section was measured in the giant resonance region, that is, 20 to 25 MeV. The preliminary result with the energy resolution of about 0.1% is presented and compared with the preceding data.
Introduction
The laser Compton scattering (LCS) photon source developed [1] at the National Institute of Advanced Industrial Science and Technology (AIST) has been extensively used for studies of various photonuclear reactions, for examples, (γ,γ ) [2] , (γ,abs) [3] , and (γ,n) [4] reactions. By utilizing a high-resolution high-energy photon spectrometer (HHS) for measurements of LCS photon energy distributions, a super high-resolution data on a (γ,abs) reaction has been obtained with the energy resolution of about 0.1% [5] . However, the maximum energy of the LCS photon available for the photonuclear spectroscopy was limited under about 20 MeV.
Recently, a high-power Nd:YVO 4 laser has been installed at the LCS photon facility in AIST. This enables the maximum energy of a LCS photon to be increased up to about 30 MeV with a sufficient flux of LCS photons for photonuclear spectroscopy. On the other hand, the accuracy of the response functions of the HHS for high-energy γ rays was also improved based on the experimental information [6] .
By taking advantage of these achievements, the 16 O(γ,abs) cross section, which is regarded as one of the most important reaction in nuclear physics, is able to be measured in the giant resonance region, that is, 20 to 25 MeV. In past, the 16 O(γ,abs) cross section were measured at several institutes using bremsstrahlung photons [7] [8] [9] [10] . They used a pair or Compton spectrometer for the measurements of energy distributions of bremsstrahlung photons. However, their energy resolutions were limited to about 1%.
The same cross section has also been investigated theoretically using calculations including large numbers of particlehole excitations [11] [12] [13] . The calculations reproduced well the experimental observations, although a smearing parameter of about 500 keV [12] had to be used in the calculations.
The present method using LCS photons and the HHS is unique tool for the study of fine structure in the giant resonance with exceptional resolving power up to 30 MeV. The preliminary result on the 16 O(γ,abs) reaction with the a Presenting author, e-mail: harada.hideo@jaea.go.jp energy resolution of about 0.1% is presented and compared with the preceding data.
Experiments

Generation of LCS photons
The scheme of LCS photon generation is shown in figure 1 . When a laser photon of energy ω is scattered by an energetic electron of kinetic energy E e , a very energetic LCS photon with energy of ω is produced and its energy depends on the scattering angle θ. The energy of the LCS photon is expressed by the wellknown formula of the Compton backscattering [14] ,
where mc 2 is the rest mass of an electron and γ = E e /mc 2 . The maximum energy of a LCS photon is approximately proportional to the energy of an incident laser photon.
The maximum average power of the installed Nd:YVO 4 laser is about 8 W in case of third harmonics mode supplying photons with a wavelength of 355 nm. According to equation (1), the maximum energy of a LCS photon reaches 30 MeV when the electron energy is 764 MeV. The electron energy is variable in the range of 200-800 MeV in the storage ring TERAS [15] , which stores electrons up to typically about 300 mA. 
Experimental setup
The experimental setup for the nuclear photo-absorption spectroscopy using LCS photons and the HHS is shown in figure 2.
The Nd:YVO 4 laser was operated in the third harmonics mode with a repetition rate of 50 kHz. The electron energy in the storage ring was set at 712 MeV, corresponding to the maximum LCS photon energy of 26 MeV. The stored electron current was 3-260 mA. The laser power was adjusted in the range of 1-8 W according to the stored electron current.
The lead collimator of 150 mm in length with a hole of 5 mm φ was placed along the LCS photon beam line to cut off the low energy portion of the LCS photon beam. Water absorbers contained in two acrylic cylinders were used of each thickness of 1027 mm with an inner diameter of 11 mm; the length of the water absorber was 2054, 1027, or 0 mm. Transmitted LCS photons were measured by the HHS. A lead slit of thickness of 20 cm with a hole of about 10 mm φ was set between the absorber and the HHS to prevent the scattered LCS photons by the absorber from entering the HHS. Measurements with the absorber and without it were repeated.
The HHS consists of two large N-type Ge crystals (sensitive volume 668 cm 3 ) called as a twin Ge detector and thick bismuth germanate (BGO) anti-coincidence shields. The performance of the HHS was described in ref. [6] . The energy resolution of the HHS for high-energy photons is about 0.1% [5] . Figure 3 shows pulse height spectra of transmitted LCS photons measured by the HHS for the cases of an absorber of 2 m (lower) and a blank absorber (upper). Backgrounds due to bremsstrahlung were subtracted in the spectra. It is seen that there are prominent dip peaks in the spectrum of a 2 m absorber, where no structure in the spectrum of a blank absorber. This means the absorption dips originate in the nuclear photo-absorption by the 16 O absorber. The (γ,abs) cross section is given by where ρ and mean the atomic density and the length of the 16 O absorber. The U and U 0 are obtained by unfolding the observed pulse height spectra Y(
Results and analyses
16 O) and Y(blank) shown in figure 3 with the response functions [6] of the HHS calculated using the EGS4 simulation code [16] , respectively. The c in equation (2) is the normalization constant on the observed spectrum for the blank target. The σ atom (E γ ) is the photoatomic cross section that is well known to have smooth energy dependence and tabulated [17] .
In the calculations of the response functions of the HHS from 3 MeV to 30 MeV in step of 10 keV, a pulse-height degradation effect [18] associated with a surface channel of the twin Ge detector has been included as was described in ref. [6] . Examples of the calculated response functions of the HHS and the twin Ge detector are shown in figure 4 for monochromatic γ rays of 23 MeV. The performance of the BGO suppression shields is significant for high energy γ rays as was shown in figure 4 . The peak efficiencies and the total efficiencies for both of the twin Ge detector and the HHS are summarized for The unfolded spectra using the calculated response functions are shown in figure 5 of transmitted LCS photon pulse height spectra for the case of an absorber of 2 m and a blank absorber.
The preliminary result on the (γ,abs) cross section for 16 O obtained in the present experiments is shown by the closed circle in figure 6 . The error bars show only the statistical errors. The systematic error is estimated to be about 5 mb due to the ambiguity on determining the normalization constant c and the photo-atomic cross section. The attempt to measure the photo-atomic cross section for high-energy photons using A comparison between the present tentative nuclear photoabsorption cross section of 16 O (indicated by triangles up) and those of references (triangles down [7] , closed circles [8] , squares [9] , and diamonds [10] ). The energy mesh of the present result is 100 keV.
LCS photons and the HHS is underway [19] . The energy mesh in figure 6 is 10 keV. The uncertainty on the photon energy is about 0.1%, and the energy resolution is about 0.1% [4] .
It is remarkable that there is no distinguished sharp peak as was observed in 13 C at 15.11 MeV [4] , although the energy resolution was improved about 10 times compared to previous measurements [7] [8] [9] [10] .
Discussions
To compare the present tentative result with the previous measurements, the data were packed as the energy bin being 100 keV, and shown in figure 7 . The present (γ,abs) cross sections are shown by the triangle up and the error bars show only statistical errors. The data by Burgov [7] , Wyckoff [8] , Bezic [9] , and Ahrens [10] are shown by triangles down, closed circles, squares, and diamonds, respectively.
The fine structure peaks are shown in figure 7 at 21, 22, 23, and 24 MeV as were observed previously [7] [8] [9] [10] . There are indications of substructure peaks at 21.55 and 21.95 MeV.
The absolute values of the present cross section seem to be larger than previous reported values. However, more detailed analyses are necessary on the systematic errors for the quantitative comparison on the absolute values.
Conclusions
The maximum energy investigated by the nuclear photoabsorption spectroscopic method using the laser Compton scattering (LCS) photons and the high-resolution high-energy photon spectrometer (HHS) are extended up to 30 MeV. The developed method was applied for the study of the fine structure of 16 O in the giant resonance. The fine structure of 16 O in the energy range of 20-25 MeV was observed as was observed in preceding measurements, although the energy resolution was improved about 10 times compared to previous measurements.
The absolute values of the present cross section seem to be larger than previous reported values. The systematic errors on the absolute values of the cross section need to be studied in detail.
